Abstract-Sub-wavelength metal-dielectric-metal (MDM) composites support localized electromagnetic modes that are strongly confined in periodic structures. These modes can be controlled by tuning the shape of the composites as we demonstrated in previous works. Moreover, the Localized Surface Plasmon Resonance (LSPR) can be applied in new sensor applications. In this paper, we use the Finite-Difference Time-Domain (FDTD) method to study double-periodic metal-dielectric-metal composites and put emphasis to interactions with the dielectric cover layer. The numerical results demonstrate that variation of the refractive index (RI) of the cover layer as well as the layer thickness affect the LSPR response of the proposed MDM composite. The resonance-curve min/max groove period, the resonance-curve width, and the resonance-curve amplitudes from the MDM sensor output indicate that the proposed composite may find use as an effective sub-wavelength dielectric sensing optical component for photonic applications.
INTRODUCTION
The optical properties of metal films and composites with features of sub-micron dimensions are dominated by the surface plasmon modes and localized surface plasmon resonances. Light with appropriate frequency can excite spatially confined conduction electrons which undergo a coherent oscillation known as the Localized Surface Plasmon Resonance (LSPR) [1] . The spectral position and width of the LSPR is determined by the geometry of the fine structure, the dielectric functions of both the assay and surrounding media, inter-structure interactions and polarization of the light [2] .
LSPR has been exploited in many sensing applications [3, 4] , especially with triangular silver nano-particle arrays and detection of spectra shift [5, 6] . It has unique advantages compared to surface plasmon resonance (SPR) [7, 8] , such as the Kretschmann SPR arrangement. First, the LSPR spectroscopy enables the development of large-scale sensing arrays composed of solid detectors that enable real-time, parallel monitoring of multiple species in chemical sensing or biotest. The LSPR sensing area is bigger than the SPP sensing area. The SPP sensing area is limited by several square micrometers due to the wavelength-dependent lateral propagation length of SPP [9] . Secondly, there is no need for automated goniometer angle detection or imaging devices as compared to the Kretschmann SPR arrangement. It is ideal for instrument applications in field portable or pointof-service medical diagnostic applications with UV-vis extinction spectroscopy in transmission or reflection geometry.
Most of the LSPR sensor progress are achieved with metal-particle array. It is well established that the peak extinction wavelength is associated with size, shape, inter-particle spacing, and dielectric properties. There are several LSP-based sensing mechanisms that enable the transduction of macromolecular or chemical binding events into LSP determined optical responses as summarized by Haes and Van Duyne [9] , such as: (1) resonant Rayleigh scattering, (2) nano-particle aggregation, (3) charge-transfer interaction at nano-particle surfaces, (4) local refractive index changes. To extend the LSP applications, the LSPR can be excited with confined fields by different geometries other than particles. These structures can be mass produced by Nanoimprinting techniques with polymers [10] . In this work, we examine the polymer-metal film (MDM) composite [11, 12] and aim to find new sensing mechanisms.
DESIGN AND MODEL
Compared to metal particle based LSPR sensors, we consider the new (Metal-Dielectric-Metal Localized Surface Plasmon Resonance) MDM-LSPR with dielectric overlay as a survey for potential sensor approach. A MDM structure is comprised of periodic arrays of grooved dielectric material (e.g., flexible polymer film, poly-dimethylsiloxane (PDMS)) with thin metal films (See Figure 1) . The tunable optical response with PDMS based material and MDM have been discussed in previous publications [12, 13] .
With the MDM, the profile of the Gaussian-shaped narrow-grooves is defined by the total film thickness t, Gaussian-shaped groove depth d, the array period L, and the Gaussian full width at half maximum (FWHM) w. The parameters for the MDM structure are: t = 300 nm, d = 50 nm, w = 10 nm and metal-layer thickness 50 nm. The simulation is carried out with an in-house implemented FDTD package. This package applies periodic boundary conditions to simulate plasmonic structures with infinite periods in a unit cell (See Figure 1) . The periodic boundary condition is implemented following the Direct Field Methods with sine-cosine techniques [14] . The metal dispersion is modeled employing a Drude dispersion model (See Equation (1)), and the auxiliary differential equation, with the Drude model addressed following the ADE-FDTD technique [14] , is applied to model the p-polarized light interaction with the metal. Hence:
Figure 1: MDM structure.
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Output interface S2. The silver dielectric function in this work is described by the Drude model. For silver at room temperature we use the parameters [15] : ω p = 1.32 × 10 16 s −1 and τ = 1.45 × 10 −14 s. Liu et al. [16] applied similar values in their FDTD simulations with grooved metal film. A TFSF (Total Field Scatter Field) interface [14] introduces the incident plane wave (see Figure 2) . In this paper, normal axis light incidence with p-polarization along the x axis is applied (i.e., E field parallel with the incident plane x-y). The normal direction intensity transmission coefficients and reflection coefficients are calculated by use of time-averaged Poynting vectors and energy fluxes.
SIMULATION AND ANALYSIS
For the FDTD simulation of the LSP withMDM, the grid FDTD cell size is chosen to be 1/300λ light . Hence, the grid consists of 1204 × 263 cells. The light wavelength is assigned as 630 nm. The FDTD time iteration is running for 15 period of cycles for a stable solution.
Response from Variation of Refractive Index:
The responses of different dielectric cover layer with the MDM from EM simulation are given in Figure ( It is interesting to plot the electrical field E z as presented in Figure 6 . The plots show the MDM exhibiting different resonant modes with its geometry. The tunneling of the light is at maximum when L = 540 nm (Figures 4 and 6(c) ), where the groove in backside of MDM has its strongest resonance. The reflection minimum corresponds to a strong excitation of surface plasmons (SPs) for the top metal film (Figures 3 and 6(b) ), while the extinction minimum corresponds to a strong excitation of SPs for the bottom metal film ( Figures 5 and 6(d) ). The confinement of the field inside the grooves can be clearly observed. Moreover, the plots show that the light tunneling shows dipole nature; the dipoles are oriented parallel to the x axis ( Figure 1 ) and located between the groove pairs. The dipoles are coupled to each other in a chain along the MDM structure. 
Response of Cover Layer with Different Refractive Index and Cover Layer Thickness
Figures (7 to 9) present the result of RI = 1.33, 1.40 and 1.43 with layer thickness of 5 nm, 10 nm and 15 nm, respectively. The figures demonstrate that the resonance periods shift toward shorter groove periods (460 nm with 5 nm thickness; 440 nm with 10 nm thickness and 420 nm with 15 nm thickness) with increased dielectric overlay thickness in the reflection spectrum and extinction spectrum (See Figures 7 and 9 ). The transmission spectrum does not show a shift with the groove period. It appears that the specific groove period for maximum light tunneling is governed by the MDM geometry instead of the ambient dielectric environment. The light-energy tunneling through the MDM-LSPR structure is decreased with more dielectric covering and increasing of RI (See Figure 8 ). The transmission spectrum shows a linear relationship between target thickness and transmission coefficients which is feasible for a quantitative representation. The sensitivity analysis for this approach will be present in future publications. Figure 9: Absorption of MDM with cover layer RI variation.
CONCLUSION
We demonstrate the possibilities for sensing of RI variations and overlay changes based on MDM which can be used in chemical or bio-binding sensor applications. Compared to LSPR design based on noble metal particles, this MDM-LSPR approach has some particular advantages. Firstly, the MDM-LSPR based on grating periods works for monochromatic light such as a single LED or laser diode. There is no demand for white-light and wavelength dispersion with a spectrograph setup. Cheap and compact design may thus be obtained. Secondly, the MDM-LSPR does not demand complex substrate patterns as in the case for nano-particle LSPR with NSL [17] and might be suitable for polymer-based device [10] . This allows possibilities for mass-production and low-cost applications. Thirdly, the principle may bring other applications in nano-photonic design as a component with tunable LSP composite [18] . Given our present knowledge with LSP design [5, 9] , the tunable MDM-LSPR is a new approach for LSPR sensor and structure tuned composite. We hope it can bring new ideas for nano-photonics and sensor designs.
